The first ruthenium-silsesquioxyl complexes have been synthesised and characterized via spectroscopic and X-ray methods. Mechanistic studies were performed and the complexes obtained were proved to be intermediates in the catalytic cycle of silylative coupling of olefins with vinylsilsesquioxane. Moreover, a mechanism for silylative coupling of styrene with vinylsilsesquioxanes was proposed.
Introduction
Polyhedral oligosilsesquioxanes (POSS) of the general formula (RSiO 3/2 ) n and particularly those (n = 8) containing the inorganic cubic core of Si-O-Si bonds form a class of versatile building blocks for the production of inorganic-organic materials thanks to the three-dimensional highly symmetrical nature of the POSS core. 1 The properties of the core permit a wide range of technological applications of silsesquioxanes that can be used as nanofillers for the preparation of nanostructured composites, catalysts, [2] [3] [4] and dendrimers, 5 as precursors for optoelectronic materials, [6] [7] [8] [9] as dry resists in microelectronics 10 and as precursors for SiO deposition.
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Mono-and octa-functionalized silsesquioxanes and spherosilicates have been synthesized by TM catalyzed reactions such as hydrosilylation by Si-H 12 substituted POSS and silylative coupling [13] [14] [15] [16] by vinyl-substituted POSS with olefins, which occurs via intermediates containing a TM-silicon bond. The mechanism of silylative coupling of olefins with vinyl-substituted silicon compounds was the subject of our earlier study [see ref. 17 ; for reviews see ref. 18, 19] . So far only two reports have been published on the isolation and crystal structure of the complexes containing a TM-silicon bond (exactly cobaltsilicon bond). 20, 21 This paper reports the synthesis of the first silsesquioxyl complexes of ruthenium containing Ru-Si bonds and describes the crystal structure of one of them. Moreover, the catalytic activity of this complex in the silylative coupling of vinylheptaalkylsilsesquioxane with styrenes is analysed.
Results and discussion
When a toluene solution of the ruthenium hydride complex [RuHCl(CO)(PPh 3 ) 3 ] 1 was heated in the presence of 1 equiv. of vinylheptaisobutylsilsesquioxane at 110°C the color of the solution gradually turned yellow-brown within 48 h. The 1 H NMR spectrum of the post-reaction mixture revealed disappearance of signals at δ = −6.60 (dt) ppm characteristic of the Ru-H bond, and formation of a new singlet at δ = 5.25 ppm which can be assigned to ethylene. Moreover, the appearance of a new singlet at δ = 37.49 ppm was observed in the 31 P NMR spectrum. On the basis of these observations, a general scheme for the synthesis of ruthenium-silsesquioxyl complexes was proposed (Scheme 1).
Further experiments led to the development of efficient synthetic procedures for the synthesis of silsesquioxyl complexes 3 and 4 (see ESI †). The compounds were isolated in high yields (89% and 86% respectively) as pale yellow powders. The obtained products were fully characterized by 1 H, 13 C, 29 Si, and 31 P NMR spectroscopy and high resolution mass spectrometry (see ESI †). Moreover the structure of complex (3) was confirmed via X-ray analysis (Fig. 1 18, 19 Moreover, GC-MS analysis confirmed the formation of the desired coupling product 6. Formation of compound 6 is evidence for insertion of styrene into the Ru-Si(POSS) bond in complex 3 followed by β-H elimination and evolution of E-phenyl(silyl)-ethene.
In the above stoichiometric reaction, the desired product was formed only when the reaction was conducted in the presence of CuCl. Moreover, complex 3 exhibited almost no reactivity when the reaction was performed without Cu(I) salt. To better understand the role of CuCl in the reaction mixture we performed a series of stoichiometric reactions monitored by 1 H and 31 P NMR spectroscopy. When a toluene solution of the
was heated in the presence of 5 equiv. of CuCl at 110°C for 24 h we observed disappearance of the signals at δ = 37.49 ppm characteristic of complex 3 and formation of a new singlet at δ = 25.95 ppm in the 31 P NMR spectrum (Fig. 2 ).
The formation of this new complex 8 was accompanied by precipitation of an insoluble grey-brown [CuPPh 3 ] complex, whose appearance proves the dissociation of phosphine in the proposed reaction system. The 1 H NMR spectrum of the postreaction mixture revealed changes in the aliphatic region. We observed disappearance of two multiplets at 1. 
Isotopic labelling experiments
In order to confirm that the coupling process in the presence of 3 proceeds via the insertion-elimination mechanism which is characteristic of a silylative coupling reaction, [17] [18] [19] we per- The results obtained in the experiments with deuterium labelled styrene clearly demonstrate that functionalisation of vinylsilsesquioxanes with styrenes proceeds according to the silylative coupling mechanism involving the activation of vC-H and Si-Cv bonds.
Catalytic examination and mechanistic implications
The ruthenium-silsesquioxyl complex 3 was examined in the silylative coupling of selected styrenes with vinylheptaisobutylsilsesquioxane and its catalytic activity was compared to that of its parent complex [RuHCl(CO)(PPh 3 ) 3 ] 1 and the previously studied more reactive complex [RuHCl(CO)(PCy 3 ) 2 ] 7 (Scheme 4). 15 Selected data for 1 and 3 are presented in Table 1 , entry 1. As indicated in this table, the silsesquioxyl catalyst 3 exhibits higher catalytic activity than catalyst 1. For example after five hours in the reaction of vinylsilsesquioxane with styrene catalysed by 3, the conversion of the silsesquioxane reached 33%, while the reaction catalysed by 1 revealed almost no conversion (6%). The activity of catalysts 1 and 3 was examined in a wide temperature range. Our experiments demonstrated that increasing the temperature of the reacting mixture from 40°C to 110°C did not give a higher yield of the coupling product. We compared the catalytic activity of complexes 1 and 3 with that of complex 7 bearing PCy 3 ligands. In all cases, complex 7 was the most active in silylative coupling of vinylheptaisobutylsilsesquioxane with styrenes; however, because of its high reactivity we were unable to isolate ruthenium-silsesquioxyl complex bearing PCy 3 ligands.
Mechanistic implications
On the basis of stoichiometric experiments and labelling studies we proposed a mechanism for the coupling of styrenes with vinylsilsesquioxanes in the presence of [RuHCl(CO)-(PPh 3 ) 3 ] 1 and CuCl as co-catalysts (Fig. 3) .
Our studies have shown that the coupling reaction proceeds according to the well-recognized insertion-elimination mechanism 17 in which, in the first step, vinylsilsesquioxane reacts with hydride complex 1 to give β-silylethyl complex. This compound decomposes via β-silsesquioxyl group migration to ruthenium and evolution of ethylene to give Ru-Si[POSS] complex 3.
Addition of CuCl to complex 3 causes dissociation of phosphine to produce a less sterically hindered four-coordinate complex 8 which reacts with styrene. The next step of the catalytic cycle involves the migratory insertion of styrene into a Ru-Si bond, followed by β-H elimination to give E-phenyl(silyl)ethene 6.
Experimental

General methods and chemicals
Unless mentioned otherwise, all operations were performed by using standard Schlenk techniques. 1 H-and 13 C-NMR spectra The chemicals were obtained from the following sources: vinyltrichlorosilane from ABCR, dichloromethane, acetone, n-pentane, ethanol, dichloromethane-d 2 , benzene-d 6 , toluene-d 8 , styrene-d 8 , decane, dodecane, styrene, 4-chlorostyrene, 4-bromostyrene, 4-methoxystyrene, 2-methoxyethanol, triphenylphosphine, formaldehyde, copper(I) chloride, anthracene, calcium hydride and anhydrous magnesium sulphate from Aldrich, triethylamine and silica gel 60 from Fluka, ruthenium(III) chloride hydrate from Lancaster, trisilanolisobutyl POSS from Hybrid Plastics, 22 and toluene and n-hexane from Chempur.
[RuHCl(CO)(PPh 3 ) 3 ] was prepared according to the literature procedure. 23 Monovinylheptaisobutylsilsesquioxane was prepared according to the literature procedure. 15 Monovinylheptacyclopentylsilsesquioxane was prepared using the same procedure. All solvents were dried prior to use over CaH 2 and stored under argon. CH 2 Cl 2 was additionally passed through a column with alumina and after that it was degassed by repeated freeze-pump-thaw cycles.
Synthesis and characterization of ruthenium-silyl complexes
Synthesis and characterization of complex 3. A 50 mL highpressure Schlenk vessel connected to gas and vacuum lines was charged under argon with 0. 
General procedure for the catalytic examination
The oven dried 5 mL glass reactor equipped with a condenser and a magnetic stirring bar was charged under argon with 2 mL of CH 2 Cl 2 , monovinylsilsesquioxane (0.1 g, 1.19 × 10 
X-ray analysis (complex 3)
X-ray diffraction data were collected at 100(1) K by the ω-scan technique, on an Agilent Technologies four-circle Xcalibur diffractometer equipped with an Eos detector 24 with an MoK α radiation source (λ = 0.71073 Å). The temperature was controlled with an Oxford Instruments Cryosystem device. The data were corrected for Lorentz-polarization effects as well as for absorption (multiscan). 24 Accurate unit-cell parameters were determined by a least-squares fit of 12 093 reflections of highest intensity, chosen from the whole experiment. The calculations were mainly performed within the WinGX program system. 25 The structures were solved with SIR92 26 and refined with the full-matrix least-squares procedure on F 2 using SHELXL97. 27 
Conclusions
New silsesquioxyl ruthenium complexes (3 and 4) have been synthesized and their structures were confirmed by spectroscopic and X-ray methods. These complexes were proved to be intermediates in the silylative coupling of vinylsilsesquioxane with styrene. The reaction between vinylsilsesquioxanes and styrenes in the presence of ruthenium hydride complex 1 was confirmed to proceed via the insertion-elimination mechanism. Moreover, the obtained complex 3 exhibits higher catalytic activity than its parent hydride complex 1.
